Wharton's jelly mesenchymal stem cells (WJ-MSCs) are multipotent stem cells that can be used in regenerative medicine. However, to reach the high therapeutic efficacy of WJ-MSCs, it is necessary to obtain a large amount of MSCs, which requires their extensive in vitro culturing. Numerous studies have shown that in vitro expansion of MSCs can lead to changes in cell behavior; cells lose their ability to proliferate, differentiate and migrate. One of the important measures of cells' migration potential is their elasticity, determined by atomic force microscopy (AFM) and quantified by Young's modulus. This work describes the elasticity of WJ-MSCs during in vitro cultivation. To identify the properties that enable transmigration, the deformability of WJ-MSCs that were able to migrate across the endothelial monolayer or Matrigel was analyzed by AFM. We showed that WJ-MSCs displayed differences in deformability during in vitro cultivation. This phenomenon seems to be strongly correlated with the organization of F-actin and reflects the changes characteristic for stem cell maturation. Furthermore, the results confirm the relationship between the deformability of WJ-MSCs and their migration potential and suggest the use of Young's modulus as one of the measures of competency of MSCs with respect to their possible use in therapy. Figure 1. (A): The manufacturing process of mesenchymal stem cells-bases of the drug preparation.
Introduction
Mesenchymal stem cells (MSCs) represent a unique population of heterogeneous fibroblast-like cells. In culture conditions, MSCs adhere to the medium, have a high proliferative potential, and the ability to differentiate into different cell types, to regenerate and to repair tissues by secreting various growth factors and cytokines, and to cause an immunomodulatory effect on the immune system [1, 2] .
Those properties placed MSCs in the line of great interest amongst scientists and clinicians for a tnumber of years. The possible use of MSCs as biological medicines may help to deliver new therapeutic alternatives in regenerative medicine and cell therapy.
Initially isolated, the most widely studied and used MSCs were mesenchymal stem cells collected from the bone marrow [3, 4] . Later, these cells were isolated from a number of adult body tissues (e.g., adipose tissue, dental pulp, skeletal muscle, and others) [5] . Recently, the source of mesenchymal stem cells tested and used in various studies frequently originates from tissues related to pregnancy and child delivery (e.g., umbilical cord blood, umbilical cord, placenta).
Wharton's jelly (WJ) umbilical cord tissue was found to be a valuable source of mesenchymal stem cells. Human WJ-MSCs are multipotent, highly proliferating cells with a low immunogenic level making them a promising tool for tissue regeneration and repair [6] . The WJ-MSCs retrieval procedure is technically simpler than other sources and it is possible to isolate the rich population of MSCs efficiently, which does not raise any ethical controversy [7] [8] [9] . Therefore, these cells can also have a wide range of clinical applications in the treatment of many diseases, including cardiovascular disease, cancer, and nervous system disorders [10, 11] .
To obtain the high therapeutic efficacy of WJ-MSCs, it is necessary to dispose of large amounts of MSCs in vitro culture. Numerous studies have shown that in vitro expansion of MSCs can lead to changes in cellular behavior as cells lose their ability to proliferate, differentiate and migrate [12] [13] [14] . Methods of molecular biology, biochemistry, and genetics applied in previous studies have proven that prolonged in vitro cultivation increases the expression of cell cycle inhibitors such as APO, p21, p53, and p16INK4A [15] [16] [17] . Telomere shortening was also shown in each division, which is associated with the aging of the cell population [18] . Understanding the impact of the in vitro cultivation time on aging and progressive differentiation is a key factor in maintaining the therapeutic potential of MSCs. Therefore, it is necessary to look for new parameters describing changes of MSCs during cultivation, as well as optimization of isolation and cultivation methods that will enable MSCs to be obtained on an industrial scale in the future-in a repetitive, well-characterized manner, so that they always meet the required conditions and possess desirable feature (ability to adhere, migrate and release paracrine factors) without losing their original properties.
Recently, few studies have focused on the biomechanical properties of mesenchymal stem cells which regulate many processes such as proliferation, differentiation, and mobility necessary to achieve therapeutic efficacy [14, 19, 20] . The cytoskeleton, an internal scaffold of the cells and the main factor affecting mechanical features participates and regulates many processes, such as proliferation [21] differentiation [22] , aging [23] , adhesion [24] , and migration [25] , which are essential for the retention of cell function in vivo. The re-arrangement of actin microfilaments, among others, corresponds to the creation of essential processes necessary for movement as well as elasticity and change in the shape of cells.
The biomechanical phenotype of the cell is related to its inherited properties like proliferation rate, internal molecular transport, signal transduction, adhesion, motility, and differentiation [21, 22, 24, 25] . It is already well-known that mesenchymal stem cells, during the period of in vitro cultivation, lose their primary properties and cease to replicate and lose their differentiation capabilities. Consequently, studies on the correlation between biomechanical properties of mesenchymal stem cells and cellular functions could improve their characterization and lead to the identification of new potential biomarkers.
The mechanical properties of cells can be quantified from measurements of cell deformability using, e.g., atomic force microscopy (AFM). This technique enables high-resolution measurements in a liquid environment, closer to the cells' natural environment. The resulted measure of cell elasticity (Young's modulus) reflects mainly the deformability of the cell cytoskeleton. Its value has been proven to be an excellent marker of oncogenic progression in various cancers [26] , cardiovascular pathologies [27] , cardiomyocyte aging [28] and skin aging [23] as well as stem cells differentiation [29] . For example, a study conducted by Maloney et al. showed that in the course of in vitro expansion of MSCs, the observed increase in the thickness of actin fibers accompanied the decrease in cell elasticity and simultaneously, enhanced their differentiation potential [19] .
Regarding the possible use of MSCs for tissue regeneration, in addition to the need to obtain the appropriate number of therapeutic cells, one must carefully inspect their ability to migrate, which is critically essential concerning therapeutic goals. In practice, this means that when administered to the host organism, these cells would migrate specifically to sites of inflammation and damaged tissue typically associated with the outbreak of proinflammatory cytokines. Despite continued studies, the mechanism of migration of MSCs toward damages tissues has not been fully explained as yet and there is still a need to search for new solutions in studies on this field. It has been suggested that this process might be mediated by mechanisms similar to leukocyte migration, i.e., vascular endothelium rolling, endothelial adhesion, endothelial transmigration and tissue invasion [30, 31] . It has also been shown that MSCs use a chemoattraction mechanism that drives them towards damaged tissues in response to inflammatory conditions [32] [33] [34] [35] . Many studies have reported the functional expression of various chemokine receptors and adhesion molecules on human MSCs [31, [36] [37] [38] [39] [40] .
Mesenchymal cell motility is driven by polarized actin polymerization and depends on the organization of the F-actin cytoskeleton. The main factor regulating cell migration is the organization of the F-actin cytoskeleton, which also determines cellular deformability [41] .
The studies carried out so far have proven that cellular deformability may be a marker of mobility and invasiveness in several types of cancer [42] [43] [44] , but there is still lack of data focusing on the connection between MSCs elasticity and their migration potential.
In our research, we focused on the nanomechanical characterization of WJ-MSCs during in vitro cultivation. The AFM measurements were carried out on mesenchymal stem cells routinely isolated from the Wharton's jelly of 10 donors. Young's modulus was determined for two indentation depths, i.e., for 300 nm and for 500 nm, using an approach described by Pogoda et al. [45] . The former depth describes quantitatively regions underlying the cell membrane that are rich in actin filaments. The latter concerns the mechanical response originating from deeply located internal organelles, including the cell nucleus. Our results show that mesenchymal stem cells changed their biomechanical properties during in vitro cultivation. To understand the meaning of such changes, we extended our research to determine if there was a correlation between the WJ-MSCs elasticity and their ability for transendothelial migration and invasion and in consequence their ability to home target tissues. Since pre-incubation with a pro-inflammatory cytokine has been shown to potentially increase the ability of MSCs to migrate, the magnitude of the transendothelial migration of WJ-MSCs pre-conditioned with pro-inflammatory cytokines was also measured. Migration tests were carried out in a modified Boyden chamber for two selected proinflammatory cytokines, i.e., IL-1β and IL-6.
The collected data suggests that Young's modulus can be used to measure MSCs competency and is a biomarker for assessing their therapeutic potential. Our findings may contribute to the use of these cells within the clinical practice in the future.
Results

WJ-MSCs Manufacturing and Cell Characterization
The steps of the in vitro expansion of WJ-MSCs are presented in Figure 1A . WJ-MSCs all had the morphology of adherent spindle-shaped cells resembling fibroblasts ( Figure 1B) . The population doubling level was been assigned to the corresponding passage number ( Figure 1C ). Flow cytometry confirmed that the cells were positive for specific markers characteristic for MSCs, i.e., CD73, CD90, CD105 (~90%) and negative for CD3 and CD45 (Figure 2A ). To verify the multipotent nature of isolated cells, differentiation assays were performed. The abilities of the cells to differentiate into adipocytes, osteoblasts, and chondrocytes were confirmed after about three weeks of differentiation ( Figure 2B 
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The deformability of mesenchymal stem cells was analyzed using AFM. Cells were cultured to 70% confluence. The elasticity of these cells was quantified at the indentation depth of 300 nm, corresponding to the mechanical response originating from actin-rich regions lying beneath the cell membrane and of 500 nm, including the response of various organelles, including cell nucleus ( Figure 3 ). The proliferation, differentiation and migration capacity of MSCs obtained from one donor might differ from the MSCs obtained from another donor [46] , and a donor's age is considered to affect the properties of MSCs [47] . MSCs origin may be crucial for potential use in cell-based therapies. Therefore, the present study aimed to characterize WJ-MSCs from different donors in order to investigate the elasticity and possible effects of donor variation on these cells ( Figure 4A ,B). To assess the repeatability and reproducibility of the elasticity measurements, the intra-class correlation coefficient was used, which takes values from 0 (not compliant) to 1 (perfect compatibility). No remarkable differences in Young's modulus were noted for the WJ-MSCs taken from all participating donors. This indicates that the deformability of WJ-MSCs was not affected by donor variations ( Figure 4C ). Then, the average values of Young's modulus of WJ-MSCs isolated from 10 donors were calculated ( Figure 4D The elasticity of cells measured at various passage number (from P4 to P7), an average of 10 donors. The Young's modulus is presented as a mean ± standard deviation determined for 600 cells from 21 600 sampling points. Young's modulus calculated for indentation depths 300 nm (D) and 500 nm (E). An ANOVA test was applied to statistically verify the obtained results (ns: no significant difference).
The elastic modulus of WJ-MSCs remained fairly constant for P4 and P5 for both indentation depths. The obtained values were approximately 2.8 kPa and 2.5 kPa for 300 nm and 500 nm, respectively. Significant increases (p < 0.05) were observed for P6 (3.50 ± 0.67 kPa) and P7 (5.84 ± 0.85 kPa) for an indentation depth of 300 nm and also for P6 (3.19 ± 0.77 kPa) and P7 (5.20 ± 0.60 kPa) for an indentation depth of 500 nm. These results are generally consistent with other studies [19, [48] [49] [50] , with differences attributed to a donor, AFM tip geometry, and location of indentation [51, 52] .
The F-Actin Cytoskeleton is the Main Determinant of WJ-MSCs Deformability
The morphology of WJ-MSCs was recorded at different stages of in vitro cultivation. The shape of single cells can be visualized by fluorescent staining of F-actin ( Figure 5A ). To follow the changes in the morphology of WJ-MSCs, fluorescence images were recorded for each passage after 4 days of growing. To quantify the morphological properties, the surface areas of the single cells were calculated from fluorescence images for cells taken at various stages of their cultivation ( Figure 5C ). To verify whether changes in the deformability of WJ-MSCs were accompanied by the different actin structures, fluorescence intensity measurements were employed. Actin filaments were stained with AlexaFluor488 conjugated with phalloidin. The analysis was performed for the same number of cells at real-time for each passage ( Figure 5B ).
During extended culture, cells showed signs of aging, including slowed proliferation, increased cell debris, and a change in appearance from spindle-shaped to a broad, flattened morphology ( Figure 1B , Figure 5A ), as previously described [13] . The surface area occupied by single cells was smaller in the case of WJ-MSCs at passages 4 and 5 (P4 and P5) as compared to WJ-MSCs at passage 7 (P7). It constituted 74% of the surface area calculated for cells at P7. For cells taken at P6, it was 83% of the surface area calculated for cells at P7. The lack of statistical significance verifying the difference between WJ-MSCs at P4 and P5 indicates the similar spreading capability of these cells. The obtained results show the highest fluorescence signal for WJ-MSCs taken at P7 and the lowest from the cells collected at P4 and P5. Analogously, as for spreading area, statistically significant differences in fluorescence intensity were observed for between cells at P5 and P6, as well as at P6 and P7. Based on these results, a distinct organization of F-actin in WJ-MSCs was postulated. A re-organization of actin filaments observed at different passages was also reflected in the alterations of the WJ-MSCs mechanical properties. Similar results were obtained by LeBlon et al., showing that changes in MSCs elasticity were related to the increases in actin stress fiber diameters [20] .
Finally, this study allowed the description of the relationship between observed changes in Young's modulus and the amount of F-actin ( Figure 6A ) and also cell surface area ( Figure 6B ) using a linear function. 
Cellular Deformability is a Key Factor of WJ-MSCs Transmigration
To determine if there was a correlation between the deformability of WJ-MSCs and their ability for transendothelial migration ( Figure 6A ) and invasion ( Figure 6B ) migration tests were carried out in a modified Boyden chamber using pro-inflammatory cytokines IL-1β and IL-6. The quantitative migration assays of WJ-MSCs pre-conditioned with the same cytokines that were used as a chemoattractant were also performed ( Figure 7 ).
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Finally, this study allowed the description of the relationship between observed changes in 224 Young's modulus and the amount of F-actin ( Figure 6A ) and also cell surface area ( Figure 6B Pre-stimulation with IL-1β (PS IL 1β) increased transendothelial migration and invasion of WJ-MSCs toward IL-1β in vitro, but pre-stimulation with IL-6 (PS IL-6) did not affect the size of transendothelial migration and invasion toward IL-6. Data shown are the mean ± standard deviation of duplicate experiments, an average of 6 donors. An ANOVA with post-hoc Tukey test was applied to statistically verify the obtained results (ns: no significant difference).
Both IL-1β and IL-6 induced transendothelial migration and invasion of WJ-MSCs ( Figure 6A,B) . Migration toward IL-1β was significantly greater when compared with IL-6. When cells were pre-stimulated with IL-1β, migration toward IL-1β was significantly greater when compared with non-pre-stimulated migration toward IL-1β, but pre-stimulation with IL-6 had no effect on the migration of WJ-MSCs toward IL-6.
Cellular ability to deform is an important factor in cell migration to tissues. Therefore, an analysis of the elasticity of the subpopulation of the WJ-MSCs that were able to migrate across the endothelium and penetrate the basement membrane was performed. To prove the dominant role of cell deformability in WJ-MSCs transmigration, the elasticity of WJ-MSCs (P5) both before and after transendothelial migration and invasion assays was determined by AFM. Furthermore, a comparison of the elastic properties for both subsets using AFM was performed to evaluate the role of the susceptibility to mechanical distortions in the regulation of the WJ-MSCs migration and invasive potential (Figure 8 ). The results show that the subpopulation of cells with migration potential was characterized by greater elasticity (Figure 8, red and green) . In the case of WJ-MSCs showing abilities to migrate across the layer of endothelial cells and basement membrane, a significant narrowing of distributions and a shift of the center of gravity towards the lower values ( Figure 8 red and green) were observed compared to the entire WJ-MSCs population. It is particularly worth noting that in the case of WJ-MSCs showing potential for transendothelial migration and invasion and preconditioned with IL-1β, an approximately 40% decrease of Young's modulus was observed. Thus, the nanomechanical elasticity of the WJ-MSCs seems to be a primary determinant of their transmigration potential.
Discussion
WJ-MSCs seems to be an excellent tool for future regenerative therapies of many diseases. There is a very low number of MSCs in the human body, usually no more than 0.01% of the total number of cells [53] . Due to their low number, the use of MSCs in regenerative medicine must base on their strong proliferative capacity in vitro, which allows us to obtain a large number of cells with comparable and adequate regenerative potential. The ability of MSCs to proliferate, differentiate and migrate, as well as to home target tissue to be treated, are key factors in cell therapy. All these processes are regulated with a significant contribution of the cytoskeleton. Differences in the cytoskeleton structure can be recently accurately quantified by measuring the mechanical properties of the cell.
AFM measurements of single-cell deformation is a unique approach that helps to understand the correlation between cell structure, mechanics and function [26] . Recent research increasingly suggests that biomechanical parameters may be just as important for characterizing cells as molecular markers [14] . These mechanical markers are mainly determined by the state of the cytoskeleton-a dynamic polymer network that regulates many key cell processes, including cell division, differentiation, mobility as well as intercellular interactions [21, 22, 24, 25, 54] .
In our study, we used AFM to track changes in deformability at the level of the actin cytoskeleton and throughout the entire cell in the course of the multiplication of WJ-MSCs on an industrial scale, to the quantity that would allow them to be used in clinical practice. The MSCs were analyzed at various stages of in vitro cultures. The elasticities of MSCs were evaluated on the basis of the force-distance curve using AFM.
The measure of WJ-MSCs elasticity, Young's modulus was found to be constant until P5 for both values of indentation depth. At higher passage numbers, we observed a statistically significant increase in the elasticity parameter (p < 0.05). These increases in cell elasticity were probably the result of the formation of stable actin filaments, correlated with the presence of stress fibers in cells (P7). Lebon et al. linked the increase in the value of the elasticity parameter to an increase in the diameter of the tensity fibers [20] .
The dynamic structure of the cytoskeleton determines the morphology and mechanical properties of the cells. It is well-recognized that changes at the level of elasticity are associated with changes in cellular morphology. Microscopic images show that while most of the MSCs maintained their normal spindle shape in their early transit to P5, those in later stages showed less consistent cell morphologies and irregularly flattened geometry. In addition, the developed MSCs showed an increase in cell surface area, and hence, an increase in volume, resulting in a higher capacity value. It is believed that the increase in cell size is strongly associated with aging in vitro [55, 56] . The lower values given for elasticity in P4 and P5 are probably related to the lack of actin stress fibers that appear in P6/P7. During long-term in vitro cultivation, MSCs lose the ability to divide and migrate, which may be due to the increase in MSCs surface area signaling the entry of cell into the maturation process. The life processes of smaller cells are more efficient because the substance exchange between the cytoplasm and the living environment is faster. The presented research shows that the increase of surface area was accompanied by an increase in stiffness. It seems that the observed increase of stiffness and surface area observed for the studied WJ-MSCs is a unique feature because so far, there are, in our knowledge no published results showing a correlation between cell size and stiffness. It is worth highlighting that the elasticity of cells, determined based on AFM measurements, strongly depends on the amount (density) and organization of actin filaments forming actin cytoskeleton inside the cells, while the cell spreading area is a result of adhesive interactions occurring within the contact area between cell and substrate surfaces. In the case of MSCs, previous researches demonstrated that the elasticity of cells was closely correlated with differentiation towards certain lines [20, 29] .
Our results also reveal that the elasticity of MSCs did not vary in reference to the donor. It is worth emphasizing that the MSCs population collected from each umbilical cord was homogeneous. A pure MSCs population is likely to have a better ability to proliferate, differentiate and secrete paracrine factors than a heterogeneous population consisting of MSCs and cells at different stages of differentiation. This shows that developed and introduced method of isolation and in vitro expansion of MSCs enables the achievement of a largely homogeneous population of cells, which is crucial for their therapeutic use.
In most cases, MSCs are injected systemically. This demands their efficient migration and homing in a target tissue. The ability to direct migration MSCs towards a chemotactic stimulus and to actively penetrate the endothelium and extracellular matrix is crucial in the homing process to the place of expected destination. Furthermore, cellular deformability is an important factor in cell migration to tissues. The transendothelial migration and invasion potential of WJ-MSCs toward proinflammatory cytokines gradient showed a high level in response to IL-1β gradient. These findings are consistent with other reports [57, 58] . We demonstrated that 30 min of exposure to IL-1β increased the migration of WJ-MSCs towards IL-1β in vitro. However, we did not observe this effect for cells treated with IL-6. It has previously been shown that IL-1β affects the properties of MSCs, and that several pathways are involved. IL-1β has been shown to induce WJ-MSCs migration via p38 MAPK signaling [58] . These findings indicate that an increase in the capacity of MSCs to home tissue can be achieved by modulating the mesenchymal stem cell response to various growth factors and cytokines.
Many studies have demonstrated that MSCs coordinate repair processes by several mechanisms, among which, the secretion of paracrine factors such as proinflammatory cytokines and growth factors appear to be key [59] . Moreover, MSCs secrete metalloproteinases that remodel the extracellular matrix in the scar tissue [60] . In the presented studies we assessed whether WJ-MSCs were able to migrate across the endothelium and basement membrane in response to inflammatory factors secreted by ischemic myocardium. In the next stage of research, it will be necessary to analyze the paracrine potential of homing WJ-MSCs.
In order to estimate the level of susceptibility to mechanical distortions in the regulation of transendothelial migration and invasion, the results obtained from transmigration assays and AFM measurements were carefully analyzed. The subpopulation of WJ-MSCs presenting migration potential are shown to demonstrate the increased deformability. Therefore, this suggests that there is a selective chemotactic migration of WJ-MSCs with higher deformability (lower Young's modulus values). These results suggest that the elasticity of WJ-MSCs is related to the ability of these cells to move effectively in a selected environment. Thus, cellular deformability may be a useful biomarker for MSCs migration capacity and may help to create optimal strategies for MSCs proliferation in vitro. A similar correlation between cell elasticity and the migratory capability of cancerous cells was observed by Xu et al. [44] and Rudzka et al. [43] . Furthermore, a higher ability to deform may help cells to survive excessive mechanical loading that may occur in blood vessels or in damaged tissues.
In addition, the AFM measurements of cells with migration potential revealed an increase in the deformability of WJ-MSCs preconditioned with IL-1β, but the fluorescence images did not show changes in the F-actin cytoskeleton. Previous studies have shown that IL-1β may modulate cytoskeleton reorganization and regulate cell stiffness [61] . On the other hand, in studies conducted by Rudzka et al., it has been shown that migration through physical barriers, such as a porous filter, is possible due to increased MAPK signaling, which causes the re-organization of the actin cytoskeleton and increased susceptibility to tumor cell deformation [43] . Thus, it can be assumed that the mechanism of WJ-MSCs transmigration occurs in a similar manner and that the elasticity of WJ-MSCs is regulated by the MAPK pathway. Future research aimed to determine if p38 MAPK is also involved in cytoskeleton re-organization and deformability of WJ-MSCs is required. Considering the fact that for some cell types, cell stiffness is inversely correlated with migration rates [43, 44] , the microenvironment in which WJ-MSCs will be placed will increase their ability to deform and thus also increase their ability to penetrate deep into the tissues and consequently, the chance to home target tissue and regenerate its damaged parts.
Taken together, we demonstrated that WJ-MSCs at different stages of cultivation differed in their stiffness, size and actin organization. The F-actin cytoskeleton is the main determinant of WJ-MSCs elasticity. We assumed that stiffness is a suitable marker to trigger MSCs maturation and thus reduced functionality in clinical application, which might be useful to select or generate fully functional WJ-MSCs for cell-based therapies and tissue engineering applications. This study also shows that WJ-MSCs had a high invasive and transendothelial migration ability in response to inflammatory conditions (a gradient of proinflammatory cytokines that can be secreted by a damaged ischemic myocardium). In addition, the migration potential of WJ-MSCs was shown to be strongly correlated with cellular deformability of these cells, which was measured using an AFM. These results confirm the hypothesis that cellular deformability may be a useful biomarker for assessing the ability of WJ-MSCs to migrate towards damaged tissues in response to inflammatory agents. The current study provides valuable information for future research as well as clinical applications that could lead to the development of new MSCs-based therapeutic strategies to treat various diseases.
Materials and Methods
Human WJ-MSCs Isolation and Cultivation
WJ-MSCs were isolated from human umbilical cords and cultured in compliance with the Good Manufacturing Practice (GMP) and all procedures were performed in line with Good Laboratory Practice (GLP). The umbilical cords were provided by The Polish Stem Cell Bank S.A. from 10 donors with Ethical Committee permissions required for the collection of human tissues as part of the project CIRCULATE (agreement no. Strategmed2/265761/10/NCBR/2015). Umbilical cords were collected into plastic tubes containing PBS buffer, supplemented with antibiotics and antimycotic, and then the tissue was mechanically cut into small fragments (25 mm 2 ).
WJ-MSCs were isolated using an enzymatic digestion strategy. The isolated cells were cultured in Dulbecco's modified Eagle's medium (DMEM Low Glucose, Biowest, Riverside, MO, USA) supplemented with platelet lysate into tissue culture flasks at 37 • C, 5% CO 2, and 95% humidity. At confluence, the adherent cells were detached using Accutase cell detachment solution (BioLegend, San Diego, CA, USA) and re-seeded at tissue culture flasks and incubated again until confluence. After the third passage, WJ-MSCs were cultured in the Quantum Cell Expansion Bioreactor (Therumo BCT, Lakewood, CA, USA) and then the properties of WJ-MSCs at passage fourth were analyzed or cells were frozen in liquid nitrogen. For subsequent analysis, cells were thawed and grown in culture flasks at 37 • C, 5% CO 2 , and 95% humidity.
Evaluation of Surface Markers Expression
The cells were harvested with Accutase (StemCells Inc., Newark, CA, USA), washed and incubated with fluorophore-labeled monoclonal antibodies (Becton Dickinson, Franklin Lakes, NJ, USA) for 30 min. at 4 • C in darkness. Next, the cells were washed with PBS to remove unbound antibodies and acquired using an Attune Nxt Flow Cytometer (Thermo Fisher Scientific, Waltham, MA, USA). A total of 10,000 viable cells (events) were analyzed per sample by use of Attune NxT Sofware v2.4.
Adipogenic, Osteogenic and Chondrogenic Differentiation
The cells were seeded into 12-well plate at a density of 1.3 × 10 3 cells/cm 2 and cultured in the standard medium until the culture reached appropriate confluence.
To evaluate the adipogenic potential, when the cells reached about 90% confluence, medium was replaced for complete MesenCultTM Adipogenic Differentiation Medium (StemCell Technologies, Vancouver, CA-BC, Canada). The medium was changed every 3 days. After 20 days of differentiation, the cells were fixed in 10% formalin for 20 min, washed in PBS and stained with Oil Red O (Sigma-Aldrich, St. Louis, MO, USA) according to standard procedure.
The osteogenic differentiation was performed at 70%-80% confluence. The standard medium was replaced for complete MesenCult™ Osteogenic Differentiation (StemCell Technologies, Vancouver, CA-BC, Canada). The osteogenic medium was exchanged every 3-4 days for 18 days. When mineralization occurred, the cells were washed in PBS, fixed in 10% formalin for 20 min and stained with Alizarin Red (MERC, Darmstadt, Germany) to detect Ca ++ deposits.
To assess the chondrogenic potential, the cells were cultured in standard conditions until they reached 90% confluence. Then, the standard medium was aspirated and replaced with complete MesenCult™-ACF Chondrogenic Differentiation Medium (StemCell Technologies, Vancouver, CA-BC, Canada). During 21 days of differentiation, the chondrogenic medium was changed every 3 days. The formation of cartilage proteoglycans was shown by Alcian Blue staining (Sigma-Aldrich, St. Louis, MO, USA).
Sample Preparation for AFM Measurements
WJ-MSCs from the fourth to the seventh passage were seeded on the plastic coverslips (Nunc Thermanox Coverslips, Thermo Fisher Scientific, Waltham, MA, USA) pre-coated with fibronectin and cultured until they reached 70% of confluency in a 5% CO 2 atmosphere at 37 • C and 95% humidity. Prior to the AFM measurements, loosely bound cells were removed by rinsing the substrate with a fresh medium heated to 37 • C.
AFM Nanoindentation Measurements
The AFM used in our experiments was the XE-120 (from Park Systems, Suwon, South Korea) with a combined Olympus IX71 inverted optical microscope (Olympus, Tokyo, Japan) equipped with fluorescence. The microscope was used to move and align the probe above the cells. The measurements were accomplished using commercially available silicon nitride (Si 3 N 4 ) cantilevers with the nominal spring constant of 0.02 N/m, open-angle of 36• and tip radius of 20 nm (OTR-4, Bruker, Camarillo, CA, USA). The measurements were conducted in cell culture media at room temperature.
Prior to the measurements, the cantilever was calibrated using the thermal fluctuations of the cantilevers according to Sader's [62] with the resultant thermal spectrum fitted with Lorentzian function to determine the spring constant. The obtained spring value was 0.027 +/− 0.004 N/m. The cells were indented approximately over the nuclear region of individual cells. The force curves were recorded over a scan area of 25 µm 2 . A grid, 6 × 6 points, was set over the scanned region. On average, 36 force curves for every single cell were automatically recorded at the approach and retract velocities of 8 µm/s. The total number of measured cells for each donor was around 60 cells. The force curves were converted into a force versus indentation curves and further analyzed using Hertz contact mechanics with Sneddon's approximations of the indenter geometry [63] . As in our case, the shape of the probing tip was a four-sided pyramid. For Young's modulus determination, we assumed that the probe shape could be modeled as a cone. The average value of Young's modulus was calculated by fitting the Gaussian function to the histogram of the values obtained for each curve.
Fluorescence Staining
In order to visualize F-actin in cell cytoskeleton, WJ-MSCs were cultured on the fibronectin-coated plastic coverslips were fixed in 3.7% paraformaldehyde for 20 min at room temperature. Cold 0.2% Triton X-100 was used for cells permeabilization (5 min), followed by rinsing them with PBS buffer (3 × 2 min). The cells were incubated for 45 min at room temperature with Alexa Fluor 488 (absorption maximum 488 nm-blue light, and emission 518 nm-green) conjugated with phalloidin (0.033 µM in PBS, Molecular Probes, Eugene, OR, USA) to enable the visualization of F-actin and washed again with PBS (3 × 2 min). Nuclear DNA was counterstained using the Hoechst solution (the absorption at 355 nm-ultraviolet, and the emission at 465 nm-blue) (1 mg/mL in PBS, Sigma-Aldrich, St. Louis, MO, USA) for 15 min, followed by washing in PBS (3 × 2 min).
Image Recording
All the fluorescence images were taken using an optical Olympus IX51 microscope equipped with a 100-W Mercury light source (U-LH100HG, Olympus, Tokyo, Japan). For actin filaments, visualization U-MWIG2 filter (λexit = 530−550 nm, λemit = 590 nm) was used, and U-MNB2 one (λexit = 470−490 nm, λemit = 520 nm) was used to detect fluorescently labeled cell nuclei. Fluorescence images were recorded using the XC10 digital camera (Olympus). The maximum resolution of the captured image by this camera was 2080 × 1544 px. All the images were recorded using CellSense Dimensions (Olympus) software with the objective 20 × (Universal Plan Fluorite, the magnification of 200).
Cell Spreading Area Determination
To quantify the change of WJ-MSCs morphology of single cells, fluorescence images of actin cytoskeleton were used to calculate an effective surface area of a single cell, according to the procedure described previously by Prauzner-Bechcicki et al. [64] . These calculations were processed using an open-source code "ImageJ" (http://rsbweb.nih.gov/ij/) (access on 16.12.2018).
F-Actin Content Determination
To determine the content of F-actin, cells taken at the passage from 4 to 7 were seeded in black-walled 24-well plates with a density of 5 000 cells/well. After 72 h cells were fluorescence stained with Alexa Fluor 488 conjugated with phalloidin (0.033 µM in PBS, Molecular Probes, Eugene, OR, USA). Phalloidin binding was quantified with a SpectraMax Gemini microplate reader (Molecular Devices, Sunnyvale, CA, USA) using the appropriate excitation and emission filters for the Alexa Fluor 488 fluorophores: Ex488/Em518.
Transmigration Assays
Cell migration across the endothelium was analyzed by a modified Boyden's chamber with 8-µm pore polycarbonate membrane inserts (Costar ® Transwell ® , Corning, Kennebunk, ME, USA). HAEC (seeding density 5 × 10 4 cells/insert) were first cultured for 48 h on the upper surface of the filter and grown in EGM-2 BulletKit medium (Lonza Inc., Walkersville, MD, USA) until confluence in a humidified atmosphere (37 • C, 5% CO 2 ).
Cell invasion was analyzed using the Corning BioCoat Matrigel Invasion Chambers with 8-µm pore polycarbonate membrane inserts and a thin layer of Matrigel basement membrane matrix (Cat.# 354480, Corning, Bedford, MA, USA), according to the manufacturer's protocol.
Prior to use in transmigration assay, WJ-MSCs were labeled with a fluorescent dye (2.5 µM, calcein AM, BD Biosciences) at 37 • C for 30 min. Cells were washed twice with PBS and resuspended in the growth medium. In the selected experiments, WJ-MSCs were co-incubated with IL-1β (50 ng/mL, PeproTech EC Ltd., London, UK) or IL-6 (50 ng/mL, PeproTech EC Ltd., London, UK) for 30 min.
Then, WJ-MSCs (each 5 × 10 4 per well) were placed into upper chambers. Lower chambers were filled with medium contained IL-1β (50 ng/mL) or IL-6 (50 ng/mL) was placed. Medium containing 0.5% BSA or 10% FBS was the negative and positive control, respectively.
After 24 h of co-culture, HAEC monolayers and nonmigrating WJ-MSCs on the upper surface of the membrane were removed using a cotton swab. The number of cells on the lower part of the filter was counted in five randomly selected visual fields using fluorescence microscopy (Olympus Corporation, Tokyo, Japan). The experiments were repeated twice.
Statistical Significance
A statistical analysis was performed using STATISTICA 12 software (StatSoft Inc., Tulsa, OK, USA). All values are expressed as a mean ± SEM. Statistical significance was identified by ANOVA or t-tests to compare means. Additionally, intra-class correlations (ICC), based on the mixed models, were calculated to estimate the effect of the donor on cells elastic properties.
Conclusions
Human MSCs subjected to intense development in vitro may be subject to morphological and biomechanical changes. These properties are also regulated by changes in the actin cytoskeleton architecture. AFM measurements can be used to complement standard procedures for assessing the therapeutic capacity of MSCs, offering a goal, an innovative and quantitative diagnostic approach allowing an unbiased evaluation of the experiments.
